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Abstract might be excited to some amplitude, then damped back to
Longitudinal feedback systems based on a common prE)rle controlied state. . . .
Our group has recently applied these transient-domain

grammable DSP architecture have been commissioned at : ) o
4 laboratories. In addition to longitudinal feedback am?f;:\gnostlcs to transverse instability measurements. =We

beam diagnostics these flexible systems have been ph&e used the existing ALS and PEP-II transverse feedback
grammed to provide diagnostics for tranverse motion. Th@/ste.ms to contr(_)l the beams in co njunct|oq with the lon-
ﬂl_tudlnal processing hardware acting as a high-speed data

diagnostic functions are based on transient domain tec der. In thi h the digital ina block d
niques which record the response of every bunch while gfgeorder. in this scheme the digital processing block does
Ot compute correction signals, though the digital hard-

feedback system manipulates the beam. Operational & d trol vari ting funci inthe t
perience from 4 installations is illustrated via experimenWare 0€s controlvarious gating functions In the transverse

tal results from PEP-I1. DANE. ALS and SPEAR. Modal processing to synchronise the recording of excited/damped

growth and damping rates for transverse and IongitudingfJnCh motion. [6]

planes are measured via short (20 ms) transient excita-1 1€ longitudinal system design is based on downsam-

tions for unstable and stable coupled-bunch modes. Ddifd Processing, in which the sampling rate of the digital
from steady-state measurements are used to identify ungfi2c€ssing is matched to the oscillation frequency of the

ble modes, noise-driven beam motion, and noise sourc@&Nches, rather than the revolution frequency. Downsam-
Techniques are illustrated which allow the prediction of inP'€d Processing is advantageous for the longitudinal sys-
t+dems where the synchrotron oscillation frequency is signif-

stability thresholds from low-current measurements of s 4 ;
ble beams. Tranverse bunch train grow-damp sequendggmly lower than the revolution frequency. The transverse

which measure the time evolution of instabilities along th&YStems operate as aliased sampling systems, as the revolu-

bunch train are presented and compared to signatures &N (sampling) frequency is lower than the natural betatron
pected from ion and fast ion instabilities. oscillation frequencies. The recording of this aliased infor-
mation in the downsampled data recorder further aliases

and folds the spectral information. However, if the ma-
1 TRANSIENT-DOMAIN DIAGNOSTICS chine tune is a known quantity and the downsampling fac-

tor is selected appropriately, downsampled recording loses

High current colliders such as the B Factories ahd fl lin . he off-I :
factory, and high current light sources such as the ALS ha{¥9 Useful spectral information. The off-line data processing

pushed accelerator operation into regimes where couple?f’ln completely recover the original oscillation frequencies

bunch instabilities are operational concerns [1, 2]. Severd'd phase relationships in the bunches. Another way of

of these facilities use active feedback to control longituthinking of the bandwidth required in the transverse mo-

dinal and transverse instabilities [3, 4]. Diagnostic techt-ion recording process is that one must sample fast enough

niques to understand thresholds for instability and diagnol® Unambigously record the envelope of any signal modu-

tics to understand the performance of the feedback systefAS©n correipgndlng tﬁ bunch motion, though the Ca”'ﬁr
have become important tools for operation of these facilif€duency of the bunch motion may not be recorded. The
ties. envelopes contain all the spectral information from which

The longitudinal feedback systems developed for thgrowth/damping rates may be calculated. Additionally, the

PEP-II/DA®NE/ALS machines use a digital processing arTsampling process correctly preserves the phase information

chitecture. This programmable processing block allows tH8 thg bunch oscillationg, SO that the true modal information
recording of beam motion in conjunction with feedback OIrelatlng the phase relationships of the bunches is faithfully

special diagnostic algorithms [5]. The information presen‘iJreserVGd in the analysis.
in the oscillation co-ordinates is processed off-line to quan-
tify the motion of the bunches. Information may be found 2 MODAL GROWTH AND DAMPING

in the steady-state controlled motion ( information such as RATES FOR TRANSVERSE AND
residual noise) or from dynamic sequences where the beam LONGITUDINAL PLANES

* Email: jdfox@slac.stanford.edu . L
tWork supported by Department of Energy contract DE-AC03-1he most direct measurement of unstable motion is found

76SF00515 from grow-damp sequences, in which a controlled beam is
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Figure 1:. Grow-Damp sequence in the horizontal plane fronFigure 3: Modal longitudinal grow-damp transient from
the ALS. The envelope of the bunch motion shows the free growthA®NE. The feedback is turned off and mode 0 in the machine
(0 < t < 6ms), then damping under the action of feedback (  is unstable with a rapid growth rate of 11 s

6ms)

] in a single transient, unlike a narrowband measurement
b) Evolution of Modes made with a traditional spectrum analyser. Another impor-
tant feature of this technique is that motion can be studied
in the small-oscillation (linear) situation before saturation
and non-linear mechanisms appear.

3 NOISE-DRIVEN BEAM MOTION

’ Useful information can also be extracted from steady-state
v \ records of controlled motion. The controlled system will
\ show the signature of any disturbances driving the beam,
\ 0  attenuated by the action of the feedback system. In the
longitudinal plane, motion of the beam might be due to
0 Mode No true u_nsta_blle motion from HOMs, or motion might be.due
Time (ms) ’ to noise injected from the RF system. Our experience
from the PEP-Il LER commissioning illustrates these is-
Figure 2:. The recorded bunch motion is Fourier transformed tgues. Figure #4 shows a plot of LER modal amplitude
reveal the growth of modes 326 and 327. (feedback on) vs. time for a 291 bunch even fill. There
is significant structure in the data, suggesting that whatever
mechanism is driving the beam at mode zero is a noisy or
allowed to grow in amplitude without feedback for a shorhon-stationary process. Further experiments with the RF
interval, followed by a damping transient as feedback corsystem revealed a 10Hz periodic phase modulation of the
trol is re-applied. Fourier-transform techniques allow thenaster oscillator, which was first identified from the beam
identification of partiCUlar unstable modes of motion fl’orﬂspectrai information. After improvement of the master os-
the bunch data representation [7]. An example from the thg|iator phase noise [8] and implementation of a low-mode
ALS reveals the growth of two transverse unstable modeg,gofer” through the RF system [9], the resulting all-mode
in figureS #1 and #2. The resistive-wall impedance is thﬁns noise floor is seen in figure #5. With these improve-
dominant mechanism driving this instability, as revealed ifyents the residual noise level for mode zero is at the 0.03
the strongest growth of modes 326 and 327. The dampiggree rms( at 476 MHz) level, while higher modes fall to

transient in this figure directly reveals the available gaig.005 degrees rms which is the electronic noise floor of the
margin in the feedback channel, as the damping rates g§gycessing channel.

seen to be roughly 10X the growth rates for this current.

Figure #3 shows a Iongitudinal damp-grow transient from 4 PREDICTION OF INSTABILITY

the DA®NE machine , which shows a system controlled THRESHOLDS

by feedback from which unstable mode zero ( barycentric)

motion rapidly grows as the feedback is turned off. As the growth rates of these instabilities are proportional to
One important feature of these transient-domain tectourrent, a threshold current exists for each mode for which

niques is that the full spectrum of bunch motion is recordethe difference between a growth rate, and damping rate (
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Figure 4: . Steady state feedback-on record of LER motiorFigure 6:. PEP-II LER longitudinal growth rates vs. current for
at 110 mA, showing a disturbance which drives mode zero ahodes 780 - 800
roughly 0.3 degrees rms with significant time structure.

techniques, examining fed-back damping rates vs. current,
and quantifying the degree of saturation in the feedback
channel allow the prediction of a maximum current that
can be controlled with feedback from lower-current mea-
surements. If the grow-damp sequences are perfomed with
positive feedback, rather than no feedback for the excit-
ing interval, these measurements can be made well below
threshold and still predict the instability thresholds. Fig-
ure #7 shows this sort of positive feedback excitation from
SPEAR, revealing the two modes closest to instability. In
a commissioning environment, in which operating currents
may be below the design current, it has proven very useful
— to be able to predict high-current behavior, and operating
Mode No. 0 o0 Time (ms) margins, before exploring the high-current operating points
directly.
Figure 5: Steady state feedback-on record of LER motion (873
bucket pattern) at 730 mA, after improvement of master oscillator
phase noise. The mode zero motion is now roughly 0.03 degre
rms, while the remaining controlled bandwidth has residual nois
of less than 0.005 degrees.

0.4

from radiation damping plus action of the feedback sys L 0.3
tem) becomes positive. In an operational environment @ g o | ..
is desirable to be able to predict the instability threshol &
( for example, to confirm the configuration of the RF sys © 0.1
tem) without having to dedicate a test fill to check a threst

) . , 0
old directly. The grow-damp sequences, if measured abo
the no-feedback threshold, directly measure the gain me
gin at that specific current. If the measurements are r
peated over a range of currents, a plot such as figure ;
can be made. This figure shows the free growth rate of thc

PEP-II LER for the most unstable band of cavity HOMSFigure 7:Grow-damp transient from SPEAR. The data is taken
vs. current, The linear scaling of growth rate with Currenat 29 mA, for which the machine is below threshold. Positive

is seen, and the projection of the line to the zero current P?e'edback is used to excite the growing portion of the transient,

sition reveals the radiation damping in t_he system ( des'qgvealing modes 65 and 67 as the two modes closest to instability.
value\,.q = 0.03ms™!). The threshold is clearly seen at

310 mA where the growth rate becomes positive. Related

Mode No. 0 o Time (ms)
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Figure 9:Average spectrum vs. bunch number for the 150 bucket
Figure 8: Vertical rms bunch motion for a 150 bucket traifyain transient. The figure suggests only a single eigenmode is
(150 buckets filled at 2 RF bucket spacing) for 10 succegresent in this data.
sive instants during a 20 ms damp-grow measurement at
66 mA. In this case feedback is turned off at 1.3 ms. The

first 20 bunches start out at a larger damped amplitude. The 5 180 degree phase shift relative to the tail (other diag-
motion initially grows from the tail progressing towards the,ostics indicate that these initial bunches are uncontrolled

head of the train. or driven by some mechanism, even in the damped state).
The majority of the train of oscillators stays mostly fixed in

5 TRANSVERSE BUNCH TRAIN phase space relationship during the growing transient. As

STUDIES the amplitude grows, the phase across the train uniformly

shifts due to tune shifts with amplitude of motion. The un-
During the PEP-Il HER comissioning a detailed series ofisual feature growing around bunch 90 after 10 ms is also
transverse instability measurements was made to try to useen as a phase perturbation in this figure, most likely from
derstand the mechanism which was producing unexpedbe same non-linear restoring mechanism which produces
edly rapid growth rates in both vertical and horizontaf tune shift with amplitude of motion.
planes [10]. Measurements were performed on a variety of
fill patterns, including various even-fill patterns, and very
asymmetric train patterns. The impedance spectrum sai
pled by these varied patterns is quite different, and it is in
teresting to observe the evolution of instabilities in thes: 190,
bunch trains as a possible signature of ion instabilities [11 =
Such a measurement from the PEP-11 HER is shown in fic ﬁ 0
ure #8, which shows the vertical rms amplitude of buncl g
motion along a 150 bunch train at 10 intervals duringa 2 & —100
ms damp-grow sequence. Motion is clearly seen to orig ﬁ
nate from the tail of the train and propogate back toward £ —200

W\

the head, with an interesting secondary growing structui 150" 0
appearing around bucket 90 roughly 10 ms into the se¢ 100 5
quence. Also seen is a growth of the leading bunches dt 50 10

ing the transient in isolation from the motion at the tail. 15 Time (ms)

Figure #9 shows the average spectrum of each bunc.. Bunch No.

during the transient. The motion is composed of a single, 10: Sur ot showing the bh t each bunch
eigenmode, and there is no measurable tune spread aI(}% ure 10: Surface plot showing the phase of each bunch vs.

. ime for this 20 ms dampgrow transient. The reference phase is
the train. Such a tune spread would be strongly sugge;

. faf - . bility d L inthe i aken from bunch 150 ( the tail of the train). The figure shows
tive of a fast-ion type Instability due to variations in the 10nge g4 striking features. First, an anomalous 180 degree phase

tune[12]. Figure #10 is a presentation showing the aNnGilimp for the first 20 bunches. Second, as the bunch motion grows
lar position in phase space of each bunch vs. time for thiggeneral phase shift with amplitude is present, suggestive of some
20 ms damp-grow transient. The reference phase is takgéh-linear restoring potential which gives some tune dependence
from bunch 150 ( the tail of the train). The figure showswith amplitude. This non-linear amplitude effect is clearly seen
several striking features. First, the anomalous amplitud@sboth the tail and around bunch 90 as the amplitudes of motion
for the first 20 bunches are seen to be motion correspondihgcome large.
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A series of bunch train and uniform fill studies, in condongitudinal processing design has been extended to im-
junction with deliberate variations of ring vacuum pro-plement recording functions useful for transverse diagnos-
duced evidence which could be interpreted as suggestities. The information contained in the time-domain data, in
of both ion-driven and HOM driven instabilities. The tail conjunction with the development of new diagnostic codes,
to head growing motion observed in the figure can be olzontinues to suprise us with the variety and subtlety of the
tained from a resonator mechanism if the Q of the resonatbehavior of the beams.
is such that the energy stored in it is largely dissipated be-

tween turns in the ring. 8 ACKNOWLEDGMENTS
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To help prevent ion instabilities the PEP-II design uses
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